JC virus (JCV) belongs to the polyomavirus family of double-stranded DNA viruses and in humans causes a demyelinating disease of the central nervous system, progressive multifocal leukoencephalopathy. Its hemagglutination activity and entry into host cells have been reported to depend on an N-linked glycoprotein containing sialic acid. In order to identify the receptors of JCV, we generated virus-like particles (VLP) consisting of major viral capsid protein VP1. We then developed an indirect VLP overlay assay to detect VLP binding to glycoproteins and a panel of glycolipids. We found that VLP bound to sialoglycoproteins, including ␣1-acid glycoprotein, fetuin, and transferrin receptor, and that this binding depended on ␣2-3-linked sialic acids and N-linked sugar chains. Neoglycoproteins were synthesized by using ovalbumin and conjugation with oligosaccharides containing the terminal ␣2-3-or ␣2-6-linked sialic acid or the branched ␣2-6-linked sialic acid. We show that the neoglycoprotein containing the terminal ␣2-6-linked sialic acid had the highest affinity for VLP, inhibited the hemagglutination activity of VLP and JCV, and inhibited the attachment of VLP to cells. We also demonstrate that VLP bound to specific glycolipids, such as lactosylceramide, and gangliosides, including GM3, GD2, GD3, GD1b, GT1b, and GQ1b, and that VLP bound weakly to GD1a but did not bind to GM1a, GM2, or galactocerebroside. Furthermore, the neoglycoprotein containing the terminal ␣2-6-linked sialic acid and the ganglioside GT1b inhibited JCV infection in the susceptible cell line IMR-32. These results suggest that the oligosaccharides of glycoproteins and glycolipids work as JCV receptors and may be feasible as anti-JCV agents.
The human neurotopic polyomavirus JC virus (JCV) is the causative agent of a fatal demyelinating disease known as progressive multifocal leukoencephalopathy (PML). To date, the mortality rate from PML is high, and there is no appropriate therapy for treating PML. The viral route of infection and the mechanisms of viral spread have not been conclusively identified; however, as JCV is frequently detected in untreated urban sewage and in sewage-exposed shellfish, a fecal-oral route of transmission has been suggested (4) . Recently, JCV DNA was detected in several organs, including the tonsils and upper and lower gastrointestinal tracts (13, 22) . Given that JCV ingested by the oral route may enter the intestinal wall and Peyer's patches and thus peripheral blood lymphocytes and various organs (4), the cell surface receptor for JCV is one of the potential therapeutic targets for controlling JCV infection.
The JCV receptor has been described as a glycoprotein containing terminal ␣2-6-linked sialic acid, on the basis of the finding that sialidase but not ␣2-3-specific sialidase inhibited infection of glial cells by JCV. In addition, the N glycosylation inhibitor tunicamycin inhibited JCV infection (12) . Certain viruses utilize the sialooligosaccharides of glycoproteins and glycolipids for their attachment to host cells and strictly recognize cell surface sialic acid linkages and sugar sequences as their receptors. For example, human influenza virus A/PR/8/34 bound most effectively to lacto-series and neolacto-series gangliosides carrying sugar chains containing the terminal Neu5Ac ␣2-3Gal sequence, followed by ganglio-series and hematosideseries gangliosides. Human influenza virus B/Lee/40 bound lacto-series and neolacto-series gangliosides containing the Neu5Ac ␣2-6Gal sequence (29) . Human parainfluenza types 1 and 3 preferentially bound gangliosides containing branched N-acetyllactosaminoglycans in their core structure with terminal Neu5Ac ␣2-3Gal (27) . The structure of sialooligosaccharides recognized by JCV, however, has not been identified, partly because JCV is a slowly growing virus and it is difficult to obtain adequate amounts of the virus for the identification of its receptor.
JCV consists of three capsid proteins, VP1, VP2, and VP3. VP1, encoded by the late region of JCV, is the major capsid protein forming the outer surface of the virion. It has been reported that VP1 plays a major function in the attachment of JCV to cells because anti-VP1 antibody suppresses viral entry and infection of cells (9, 26) and recombinant VP1 derived from Escherichia coli or insect cells can form virus-like particles (VLP) (9, 19) . In addition, JC VLP bind to cells via sialic acid in a manner similar to that of native JCV (26) . Thus, we hypothesized that receptors of JCV would be VP1-binding molecules, and we developed a new method, an indirect VLP overlay assay, to determine VP1-binding molecules, such as glycoproteins or glycolipids. In this study, we determined the structures of the sialooligosaccharides recognized by VP1. Furthermore, we investigated whether neoglycoproteins and glycolipids containing sialic acids would suppress JCV infection.
(DSLNT), and biotinylated Sambucus sieboldiana agglutinin (SSA) were obtained from Seikagaku Corp. (Tokyo, Japan). Horseradish peroxidase (HRP)-conjugated streptavidin was obtained from Nichirei (Tokyo, Japan). Sialylneolacto-N-tetraose c (LSTc), GQ1b, and transferrin receptor (human placenta derived) were obtained from Calbiochem (San Diego, Calif.). Sialyllacto-Ntetraose a (LSTa) was obtained from Oxford Glycosciences (Abingdon, United Kingdom). Sialyllacto-N-tetraose b (LSTb) was obtained from Dextra Laboratories (Reading, United Kingdom). An enhanced chemiluminescence (ECL) kit was obtained from Amersham Pharmacia Biotech (Piscataway, N.J.). Gangliosides, including GM1a, GM2, GM3, GD1a, and GD1b, galactocerebroside (GalCer), lactosyl ceramide (LacCer), fetuin, bovine serum albumin (BSA), and ␣1-acid glycoprotein (human serum derived) were obtained from Sigma (St. Louis, Mo.). Human neuroblastoma cell line IMR-32 (JCRB 9050) was provided by the Health Science Research Resources Bank (Tokyo, Japan) (30) , and human glial SVG-A cells were kindly provided by W. J. Atwood (12) . They were grown in Dulbecco's modified essential medium (DMEM) supplemented with 10% fetal calf serum (FCS) and antibiotics (penicillin and streptomycin) (Sigma) in 5% CO 2 . Native JC virus and rabbit anti-VP1 and antiagnoprotein antibodies were prepared as previously described (16, 26) .
Preparation of JC VLP. JC VLP were prepared as previously described (26) . Briefly, the VP1 gene of JCV from pBR-Mad1 (17) was subcloned into the prokaryotic expression vector pET15-b (Novagen, Madison, Wis.). After confirmation of the inserted sequence, the plasmid was transformed in competent cells, BL21(DE3)/pLysS (Stratagene, La Jolla, Calif.). The expression of authentic VP1 was induced with 1.0 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 4 h at 30°C, and the mixture was centrifuged at 4,000 ϫ g for 15 min. The pellet was resuspended in Tris-buffered saline (TBS) (20 mM Tris-HCl [pH 7.5], 150 mM NaCl) containing 1 mg of lysozyme/ml and kept on ice for 30 min, and then sodium deoxycholate was added to a final concentration of 2 mg/ml. After 10 min of incubation on ice, the sample was lysed by five cycles of sonication in 30-s bursts. The lysate was treated with DNase I (100 U/ml) for 30 min at 30°C and centrifuged at 10,000 ϫ g for 10 min. The supernatant was centrifuged at 100,000 ϫ g for 1 h at 4°C, and the pellet was resuspended in phosphate-buffered saline (PBS). The morphology of JC VLP with a diameter of 45 nm was confirmed by electron microscopy and immunoelectron microscopy. For conjugation of VLP with fluorescein isothiocyanate (FITC), 2.5 mg of VLP was dissolved in 0.1 M carbonate-bicarbonate buffer (pH 9.0), mixed with 250 g of FITC (Sigma), and incubated at room temperature for 2 h. After centrifugation at 100,000 ϫ g for 1 h at 4°C, the pellet was resuspended in TBS and centrifuged at 10,000 ϫ g overnight, and the final pellet was resuspended in TBS.
Indirect VLP overlay assay. (i) Western blot VLP overlay assay. Fetuin, ␣1-acid glycoprotein, and transferrin receptor (1 g of protein) were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) in a 10% gel. After the separated proteins were blotted onto a polyvinylidene fluoride (PVDF) membrane, the remaining binding site on the membrane was blocked with PBS containing 0.1% Tween 20 and 1% BSA (blocking solution 2) for 30 min. The membrane was incubated at 4°C for 2 h with purified VLP (5 g/ml) resuspended in blocking solution 2. After four washes with ice-cold PBS containing 0.1% Tween 20 (PBST), the membrane was incubated at 4°C for 1 h with anti-VP1 antibody diluted 1:1,000 in PBST. Following ice-cold PBST washing, the membrane was incubated at 4°C for 1 h with HRP-conjugated F(abЈ) 2 goat anti-rabbit immunoglobulins (BioSource International, Camarillo, Calif.) diluted 1:5,000 in PBST. After four washes with ice-cold PBST, bound VLP were detected with the ECL kit.
(ii) TLC VLP overlay assay for glycolipids. Gangliosides and other glycolipids (25, 50 , and 100 pmol) were subjected to thin-layer chromatography (TLC) on silica gel plastic plates (Polygram Sil G; Macherey-Nagel, Düren, Germany) by using a solvent system of chloroform-methanol-12 mM aqueous magnesium chloride (5:4:1). The VLP overlay and the immunochemical detection of VLP on the plates were performed by using a modification of a method described previously (29) . Briefly, the chromatograms were blocked with PBS containing 1% OVA and 1% polyvinylpyrrolidone (PVP) (blocking solution 1) at room temperature for 1 h. The plates were washed four times with PBS and incubated at 4°C for 2 h with purified VLP (5 g/ml) resuspended in blocking solution 1. After removal of the VLP suspension by suction, each plate was washed four times with ice-cold PBS to remove unbound VLP and incubated at 4°C for 1 h with anti-VP1 antibody diluted 1:1,000 in PBS containing 1% PVP. After removal of the antibody solution by suction, the plates were washed four times with ice-cold PBS and incubated at 4°C for 1 h with HRP-conjugated F(abЈ) 2 goat anti-rabbit immunoglobulins diluted 1:5,000 in PBS containing 1% PVP. The plates were washed four times with ice-cold PBS, and VLP bound to the plates were visualized by incubation with an immunostaining reagent containing N,N-diethyl-pphenylenediamine with monohydrochloride and 4-chloro-1-naphthol (6). Glycolipids (0.5 nmol) were visualized with orcinol reagent.
Synthesis of neoglycoproteins by coupling sialooligosaccharides with OVA. To investigate whether ␣2-6-linked sialic acid contributes to the binding of VLP to glycoproteins, OVA was conjugated with various oligosaccharides containing ␣2-6-or ␣2-3-linked sialic acid. LSTa, LSTb, LSTc, and DSLNT were dissolved in H 2 O and added to the reaction mixture (0.25 M potassium phosphate [pH 8.0], 4 mg of OVA, 10 mg of NaBH 3 CN/ml) at a final concentration of 1 mg/ml each. These reaction mixtures were incubated and evaporated at 37°C overnight. On the next day, the products were dissolved in H 2 O and dialyzed against H 2 O twice. Insoluble materials were precipitated by centrifugation at 20,000 ϫ g and 4°C for 10 min, and the supernatants were used as neoglycoproteins. The concentrations of sialooligosaccharides conjugated with OVA were determined by measurement of the free sialic acid concentrations of the neoglycoproteins after treatment with 0.1 M H 2 SO 4 at 80°C for 1 h, in accordance with the method described by Aminoff (1) . Neoglycoproteins (200 pmol of sialooligosaccharides for protein staining and 100 pmol for the Western blot VLP overlay assay) were simultaneously resolved on SDS-polyacrylamide gels (10%). One gel was stained with 
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Coomassie brilliant blue dye, and the other was subjected to the Western blot VLP overlay assay. To confirm the structures of the neoglycoproteins, we used a lectin blot with SSA. Each neoglycoprotein containing 100 pmol of sialooligosaccharide was blotted onto a PVDF membrane, treated with PBST, and incubated with 5 g of biotinylated SSA/ml at room temperature for 1 h. After being washed with PBST, the membrane was incubated with diluted HRP-conjugated streptavidin at room temperature for 1 h, and the signal was detected with the ECL kit and analyzed with a LAS-1000 system (Fuji Film, Tokyo, Japan). Sialidase and peptide N-glycosidase treatments of glycoproteins and glycolipids. ␣1-acid glycoprotein, fetuin, and transferrin receptor (1 g of protein) or neoglycoproteins (100 pmol of sialooligosaccharide) were incubated with 100 mM acetate buffer (pH 5.5) containing 0.1 U of sialidase (Arthrobacter ureafaciens; Nacalai Tesque, Kyoto, Japan)/ml or 0.5 U of ␣2-3-specific sialidase (Salmonella enterica serovar Typhimurium; Takara, Tokyo, Japan)/ml at 37°C for 1 h. For cleavage of N-linked sugar chains in glycoproteins, 5 l of each protein solution (2 mg/ml) was mixed with 1 l of denaturing buffer (1 M Tris-HCl [pH 8.6], 1% SDS, 1.5% 2-mercaptoethanol) and boiled at 100°C for 3 min. The sample was mixed with 2 l of 5% NP-40-1.2 l of H 2 O-0.8 l of peptide N-glycosidase (final concentration, 0.4 mU; Takara) and incubated at 37°C for 16 h. Then, the binding of VLP to the enzyme-treated proteins (1 g of protein) was examined by the Western blot VLP overlay assay.
Gangliosides and other glycolipids (100 pmol) were subjected to TLC, developed, and blocked as described above. The TLC plates were incubated at 37°C for 16 h with 10 mM acetate buffer (pH 5.0) in the presence or absence of 0.1 U of sialidase/ml. The plates were washed four times with PBS, reblocked with blocking solution 1 for 30 min, and incubated with VLP. Detection of VLP on the plates was performed as described above.
HA inhibition assay. Neoglycoproteins (100 pmol of sialooligosaccharide/25 l) and OVA were twofold serially diluted with 0.2% BSA-PBS on microtiter plates (Falcon, Franklin Lakes, N.J.). An equal volume of VLP or JCV (8 hemagglutination [HA] units) was added to each well, and the plates were incubated at 4°C for 1 h. Fifty microliters of 0.5% erythrocyte suspension was added to each well, and incubation was conducted at 4°C. The HA inhibition titer was defined as the maximum dilution of each of the proteins that caused HA inhibition after 3 h.
Inhibition of FITC-VLP binding to SVG-A and IMR-32 cells by neoglycoproteins.
Human fetal glial cell-derived SVG-A and IMR-32 cells were plated on micro-glass plates and cultured in DMEM containing 10% FCS for 1 day. FITC-VLP diluted 1:100 with DMEM were incubated with each neoglycoprotein (10 M sialooligosaccharide [final concentration]) at 4°C for 1 h, and the mixtures were added to microwells on the glass plates. After 1 h, unbound FITC-VLP were removed by washing with PBS, and the FITC-VLP remaining on the cells were examined by fluorescence microscopy (Olympus, Tokyo, Japan). arsid8336957
Inhibition of JCV infection by neoglycoproteins and gangliosides. In this study, we used IMR-32 cell-adapted JCV, which makes viral particles with an immunopositive reaction against anti-VP1 antibody and which has a type II transcription control region that is devoid of both the second TATA box and part of the third NF-1 binding site of the Mad-1 sequence (8) and that is similar to the reported transcription control region detected in peripheral blood leukocytes of AIDS patients (5). JCV was prepared as previously described (26) . Briefly, JCV carrier cells (JCI cells) kept in cultures (14) were frozen and thawed three times, treated with 0.05 mg of neuraminidase type V (Sigma)/ml at 37°C for 16 h, incubated at 56°C for 30 min, and centrifuged at 1,000 ϫ g for 10 min. The virus-containing supernatant was quantitated by an HA assay and stored at Ϫ80°C until use. IMR-32 cells (2 ϫ 10 5 ) were plated on a 12-well plate (Falcon) and cultured in DMEM containing 10% FCS for 1 day. Ganglioside GT1b (40 nmol), LSTc-OVA (20 nmol of sialooligosaccharide and 25 g of protein), or OVA (25 g of protein) dissolved in 25 l of TBS was incubated with JCV solution (256 HA units) on ice for 1 h. IMR-32 cells were inoculated with 150 l of DMEM containing 2% FCS and 50 l of virus mixture at 37°C. After 1 h, the cells were washed with PBS three times and cultured in 1 ml of DMEM containing 2% FCS at 37°C for 3 days. The monolayer culture in each well was washed with PBS three times and lysed with 50 l of 1% Triton X-100-TBS containing 2 g of aprotinin/ml. The cell lysates were centrifuged at 4°C for 10 min at 20,000 ϫ g, and the supernatants (5 g of protein) were separated on an SDS-polyacrylamide gel (12%). After blotting of the separated proteins onto a PVDF membrane, the membrane was immersed in 5% skim milk-PBST for 30 min and subsequently in antiagnoprotein antibody diluted 1:500 with PBST for 1 h. After two washes with PBST, the membrane was incubated for 1 h with HRP-conjugated F(abЈ) 2 goat anti-rabbit immunoglobulins diluted 1:2,000 in PBST. After four washes with PBST, the membrane was treated with the ECL kit. Quantitation of agnoprotein expression was performed with the LAS-1000 system. Agnoprotein levels in the cells were represented as intensities relative to that of the control sample without treatment of neoglycoproteins. The means and standard deviations from three independent experiments are reported.
RESULTS
VLP bind to sialoglycoproteins. JCV infection is thought to be mediated by sialoglycoproteins (12) . To further study and confirm the oligosaccharide-binding specificities of JC VLP, we developed a Western blot VLP overlay assay. We first examined the binding of VLP to several known sialoglycoproteins, including ␣1-acid glycoprotein, fetuin, and transferrin receptor (2, 18, 31) . We found that the binding of VLP to these a Either VLP or JCV was treated with neoglycoproteins at 4°C for 1 h, and HA activity was determined as described in Materials and Methods.
glycoproteins was dependent on the presence of sialic acid, as treatment with sialidase abolished VLP binding (Fig. 1) . Interestingly, the binding of VLP to these glycproteins was abolished by treatment with ␣2-3-specific sialidase, which prefers ␣2-3-linked sialic acid to ␣2-6-linked sialic acid, suggesting that VLP also bind to glycoproteins with ␣2-3-linked sialic acid in addition to those with ␣2-6-linked sialic acid (12) . Next, to investigate whether N-linked oligosaccharides bind to VLP, these proteins were treated with peptide N-glycosidase, which removes N-linked oligosaccharides from glycoproteins. The binding of VLP to these glycoproteins was abolished by peptide N-glycosidase. These results, taken together, suggested that the N-linked sugar chains and the ␣2-3-linked sialic acids in glycoproteins are also involved in VLP binding to glycoproteins.
Neoglycoproteins consisting of OVA with sialic acids are bound to VLP, while OVA is not. It has been reported that glycoproteins containing ␣2-6-linked sialic acid mediate JCV infection (12), but we could not confirm the involvement of ␣2-6-linked sialic acid in VLP binding to glycoproteins, as ␣2-6 sialyl linkage-specific sialidase was not available. To address this question, we synthesized neoglycoproteins by coupling OVA to sialooligosaccharides with various types of sialyl linkages. The structures of the sialooligosaccharides are shown in Table 1 . LSTa has an ␣2-3-linked sialic acid at the terminal region of the oligosaccharide, LSTb has a branched ␣2-6- linked sialic acid at the internal region, LSTc has an ␣2-6-linked sialic acid at the terminal region, and DSLNT contains an ␣2-3-linked sialic acid at the terminal region and a branched ␣2-6-linked sialic acid at the internal region. After coupling of the sialooligosaccharides, conjugated OVA (LSTa-OVA, LSTb-OVA, LSTc-OVA, and DSLNT-OVA) showed a slower electrophoretic mobility than nontreated OVA in SDS-PAGE analysis, and reactivity to VLP had been acquired ( Fig. 2a and  b) . As shown in Fig. 2b , LSTc-OVA with the terminal ␣2-6-linked sialic acid showed the most intense affinity for VLP. Next, to confirm that sialic acids in oligosaccharides are involved in VLP binding to neoglycoproteins, these neoglycoproteins were treated with sialidase and ␣2-3-specific sialidase and subjected to a VLP overlay assay. As expected, all neoglycoproteins lost their binding activities for VLP as a result of sialidase treatment, and LSTa-OVA lost binding activity as a result of ␣2-3-specific sialidase treatment (Fig. 2c) . In order to confirm the structures of the neoglycoproteins, we carried out an experiment with SSA, because this lectin specifically recognizes Neu5Ac ␣2-6Gal ␤1-4GlcNAc ␤1 or Neu5Ac ␣2-6GalNAc structures. SSA exclusively recognized LSTc-OVA, indicating that the expected structures of the neoglycoproteins were present (Fig. 2d ).
As these neoglycoproteins had binding activity for VLP, we investigated whether they could inhibit the HA activity of either VLP or JCV. All neoglycoproteins had HA inhibition activities for JCV as well as VLP, and LSTc-OVA showed the highest inhibition activity ( Table 2) .
We next tested the ability of neoglycoproteins to inhibit VLP binding to cultured cells. FITC-labeled VLP were pretreated with neoglycoproteins and incubated with human fetal glial cell-derived SVG-A and IMR-32 cells. As shown in Fig. 3 and  4 , OVA or the neoglycoproteins LSTa-OVA, LSTb-OVA, and DSLNT-OVA had no noticeable effects on VLP binding to both SVG-A and IMR-32 cells, but LSTc-OVA clearly inhibited the binding of VLP to the cellular surface. The results suggested that neoglycoprotein LSTc-OVA, which has a strong affinity for VLP, inhibits the attachment of both VLP and JCV to erythrocytes or cells and that the binding of LSTc-OVA to both VLP and JCV is biologically relevant.
VLP bind to glycolipids. Major target tissues in the central nervous system for JCV infection are rich in gangliosides, which are glycolipids containing sialic acids. Gangliosides are also known to have an affinity for some viruses, including influenza virus, parainfluenza virus, rotavirus, and Sendai virus (3, 10, 24, 27, 28) . In order to examine whether glycolipidcontaining gangliosides are receptors for JCV, we developed a VLP overlay assay for glycolipids and examined the efficiency of VLP binding with various concentrations of glycolipids. VLP bound to 25 pmol of GM3, GD2, GD3, GD1b, GT1b, GQ1b, and LacCer and 100 pmol of GD1a (Fig. 5a ), while GM1a, GM2, and GalCer did not bind to VLP. The amounts and positions of glycolipids on TLC plates were confirmed by orcinol staining (Fig. 5b) , and incubation of glycolipids on TLC plates with anti-VP1 antibody but without VLP revealed no immunopositive signal (data not shown). The structures of the applied glycolipids are summarized in Table 3 . To confirm the sensitivity of gangliosides on the silica plates for sialidase, they were treated with sialidase and subjected to a VLP overlay assay. After sialidase treatment, gangliosides containing sialic acids at the internal region had lost their binding activity for VLP, while GD3 and GM3 showed no difference in their binding capacity (Fig. 5c) ; the latter result was due to the fact that after sialidase treatment, GD3 and GM3 seemed to have been (Fig. 5a and c and Table 3 ). Thus, we have shown that JC VLP bind to glycolipids as well as to the previously reported glycoproteins (12) . Inhibition of JCV infection by gangliosides and neoglycoproteins. Finally, we investigated whether sialooligosaccharides can inhibit viral infection by measurement of the level of expression of JCV-derived protein after inoculation of JCV pretreated with either GT1b or LSTc-OVA, which was shown to be biologically relevant (Fig. 3, 4, and 5) . In order to estimate the inhibitory effects of LSTc-OVA and GT1b, we examined the levels of expression of agnoprotein, which consists of 71 amino acid residues with a molecular mass of approximately 8 kDa at the late protein coding region of JCV, because antiagnoprotein antibody is more sensitive than antibodies for other JCV proteins, such as VP1 and large T antigen, in our detection system; in addition, agnoprotein may be involved in the viral transcription of VP1 and large T antigen (15) . The latter notions are also supported by our data that signals for VP1 and large T antigen were not detected by immunoblotting. As shown in Fig. 6 , the expression of agnoprotein in JCV-infected IMR-32 cells was inhibited by pretreatment with GT1b (approximately an 80% decrease) and LSTc-OVA (approximately a 40% decrease), while the level of expression of agnoprotein was not altered by OVA. Thus, glycoproteins and glycolipids which contain sialic acids seem to play an important role in the attachment of JCV to the cellular surface.
DISCUSSION
In this study, we investigated the binding of JC VLP to various glycoproteins and glycolipids. We showed that the binding of VLP to either glycoproteins or glycolipids is depen- 
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Neu5Ac ␣2-8Neu5Ac ␣2 2 ␣ Neu5Ac8-2␣ Neu5Ac dent on the sialyl linkage and the sugar chain sequence. Pretreatment of JCV with glycoproteins or gangliosides that showed biologically relevant binding to VLP decreased the infectivity of JCV for cells, indicating that these oligosaccharides contribute to JCV receptors. We also showed that VLP bind to both glycoproteins and glycolipids, an activity which may contribute to the broad distribution of JCV receptors in various cell lines (26) . The binding of ␣1-acid glycoprotein, fetuin, and transferrin receptor to VLP was inhibited by pretreatment with sialidase, ␣2-3-specific sialidase, and peptide N-glycosidase. These results suggest that JCV also binds to N-linked oligosaccharides containing ␣2-3-linked sialic acids. Fetuin has triantennary oligosaccharides containing two ␣2-3-linked sialic acids and one ␣2-6-linked sialic acid; ␣1-acid glycoprotein derived from human serum has tri-and tetraantennary oligosaccharides containing ␣2-3-linked sialic acids and ␣2-6-linked sialic acids; and the transferrin receptor derived from human placenta has triantennary oligosaccharides containing ␣2-3-linked sialic acids as the major structure of N-linked oligosaccharides (2, 18, 31) . Although glycoproteins show heterogeneity in their sugar chain structures, tri-or tetraantennary N-linked oligosaccharides containing sialic acids may be involved in JCV infection. Fetuin and ␣1-acid glycoprotein retained ␣2-6-linked sialic acids after ␣2-3-specific sialidase treatment (data not shown) but lost the affinities for VLP. Thus, more than two sialic acids contained in N-linked oligosaccharides may be necessary for recognition by VLP. Transferrin has been reported to enter SVG-A cells by clathrin-mediated endocytosis similar to JCV (21) . It was demonstrated that the transferrin receptor derived from human placenta bound to VLP but that the transferrin receptor immunoprecipitated from IMR-32 or human glial SVG-A cells did not bind to VLP (data not shown). As the oligosaccharide structures of glycoproteins have been reported to be different in tissues and cell types (20) , the transferrin receptor derived from human brain tissue may bind to VLP. ␣1-Acid glycoprotein may also function as an inhibitor of JCV infection in human serum, since it has HA inhibition activity against JCV (data not shown).
To investigate whether sialic acids of glycoproteins are involved in binding to VLP, sialooligosaccharides containing ␣2-6-linked sialic acids at either the terminal or the internal region were coupled to OVA and examined for their affinity for VLP. The sialooligosaccharide containing ␣2-3-linked sialic acid at its terminal region was also coupled to OVA and investigated. All of these neoglycoproteins bound to VLP in a manner dependent on their sialic acids. Because DSLNT-OVA, which has ␣2-3-linked sialic acid at its terminal region and ␣2-6-linked sialic acid at its internal region, bound to VLP after ␣2-3-specific sialidase treatment, branched ␣2-6-linked sialic acid also seems to contribute to VLP binding. These results suggest that both ␣2-3-linked and ␣2-6-linked sialic acids at the terminal region and ␣2-6-linked sialic acid at the internal region of oligosaccharides are involved in the binding of glycoproteins to VLP. As shown in Table 2 , neoglycoproteins had a higher titer against JCV than against VLP in several cases. The native JCV virion consists of VP2 and VP3 in addition to VP1, while VP1 constitutes about 75% of the capsid shell protein of VLP. As for the difference in HA inhibition titers between VLP and the JCV virion, we suppose that VP2 and VP3 may modulate the binding of VP1 to neoglycoproteins, since bovine papillomavirus type 1 L2, which is not essential for the assembly of the virion, plays a role in the HA of erythrocytes (23) .
Given that GT1b clearly inhibited JCV infection of IMR-32 cells, gangliosides may be a potential candidate JCV receptor, in addition to being the target of VLP. Glycoproteins containing ␣2-6-linked sialic acids apparently have been shown to be JCV receptors by in vitro experiments (12) ; gangliosides may also mediate JCV infection in the central nervous system in vivo, because oligodendrocytes, which JCV can infect, contain gangliosides, such as GD1b and GT1b, which have an affinity for VLP (25) . It was reported that biotinylated ␣2-6-linked sialic acid-specific lectin was detected in tonsil and brain tissues in which JCV DNA was detected (7; unpublished data). The distribution of various glycolipids and glycoproteins that had biologically relevant binding activity for JCV may be associated with the broad distribution of JCV receptors in various cell lines. Further investigation is needed to examine whether glycolipids are involved in JCV infection of the brain in vivo.
In this study, it was shown that neoglycoproteins and gangliosides showing biologically relevant binding to JCV inhibited JCV infection of SVG-A and IMR-32 cells, indicating that the oligosaccharides of glycoproteins and glycolipids function as JCV receptors. Multivalent ligands with these oligosaccharides could be efficient antiviral agents that inhibit both JCV infection and progressive multifocal leukoencephalopathy, similar to an anti-influenza virus agent, a synthetic glycopolymer, which had a higher inhibitory activity for influenza virus than did a monomer (11). 
